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Significant nuclear polarization of unstable '"Tm in Tm?*:SrF; has been achieved with optical
pumping in solids. The hyperfine coupling constant of divalent '*Tm in SrF, was thus measured
for the first time in high precision with the beta-ray radiation detected magnetic resonance, there-

by also determining the nuclear magnetic moment: 0.2476(16)un.

Oriented samples of nuclei are of profound utility in
solid, nuclear, and particle physics. Among various
methods' in use of orienting nuclei, optical pumping of
atoms in a gas or in a beam is a relatively simple room-
temperature method and has been especially used for
alkaline-metal and rare-gas atoms.? On the other hand,
the application of optical pumping in solids for nuclear
orientation has not yet been well developed yet although
appreciable nuclear polarization has been achieved for
some stable nuclei.** The development of such a tech-
nique for orienting, in particular, unstable nuclei in solids
is quite desirable for nuclear physics, since the method is
rather simple in that it does not require any sub-Kelvin
temperature, or high magnetic field, and still it can main-
tain the appreciable nuclear polarization in solids for a
long time after the nuclei are produced in or implanted
into the solids.

In this Rapid Communication we present an experi-
mental result on orienting unstable nuclei with optical
pumping in solids for the first time and on directly detect-
ing their degree of polarization with sensitive detection of
optical pumping via the beta-decay asymmetry from po-
larized nuclei (B-RADOPS; beta-ray radiation-detected
optical pumping in solids). The unstable '"Tm in
Tm?2*:SrF, was polarized up to about 4% and the
hyperfine coupling constant (hfs) was thus measured in
high precision with beta-ray radiation-detected magnetic
resonance, thereby determining also the value of the nu-
clear magnetic moment.

The magnetic circular-dichroism of rare-earth atoms in
alkaline-earth fluoride hosts is so large® that the electron-
spin polarization can be significantly enhanced by pump-
ing with circularly polarized laser light.> The electron po-
larization enhanced by pumping the 4f-5d band of Tm?2"
in SrF,,® for example, is then transferred to the nuclei by
the hyperfine coupling and/or the selective spin-lattice re-
laxation processes. The electron polarization can also be
transferred to the nuclei by inducing microwave transi-
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tions between the relevant hyperfine-Zeeman sublevels
(dynamic nuclear polarization’). Normally the number
of unstable nuclei produced in a crystal via neutron ac-
tivation or implantation is so small that it is inevitably
difficult to detect the nuclear polarization with conven-
tional magnetic resonance (NMR and EPR) methods and
even with more sensitive optical methods. The methods of
the B-RADOP and/or y-RADOP thus have to be invoked
to get enough sensitivity for the detection of nuclear po-
larization; the degree of nuclear polarization can be
enhanced and/or depressed by applying an rf magnetic
field corresponding to a transition between adjacent
hyperfine-Zeeman sublevels. Observation of this kind of
magnetic resonance with the detection® of the B-decay
asymmetry resulting from parity nonconservation in the
weak interaction is a sensitive method for measuring the
hfs constant A, thus enabling us to get the relevant infor-
mation on the structure of nuclei such as the spin and the
magnetic moment.

The overall experimental sctu? is shown schematically
in Fig. 1. A sample of 3x3 mm* area and of 1 mm thick
crystal of SrF, containing 0.02% stable '*Tm?* was irra-
diated by thermal neutrons from the Kyoto University
Nuclear Reactor. About one part in 10° of 'Tm was
converted to unstable '"Tm (half-life is 129 d and nu-
clear spin I,79 is 1), radioactivity being about 4 uCi.
After annealing the sample in vacuum at 250°C for 10
min, the sample was set in a liquid-helium cryostat in the
dc field of an electromagnet. The temperature of the sam-
ple was cooled to about 2 K by evacuating the helium
chamber. The pumping source was laser light of about
594 nm wavelength from a ring dye laser (Spectra Phys-
ics, SP-380-A) pumped by an Ar ion laser (SP-164-09).
The direction of the laser light is parallel to that of the ap-
plied dc magnetic field. The laser intensity on the whole
area of the sample was 150-200 mW. The B rays emitted
in the decay of '"Tm were detected with a CaF,(Eu)
scintillator set just behind the sample in liquid helium,

R487 ©1990 The American Physical Society



RAPID COMMUNICATIONS

R488

RF-Source
o~

Amplifier

Pulse
Height
Analyzer

Micro-

Computer

L

Scintillator and
Light Guide

A/
Plate

FIG. 1. Experimental arrangement for -RADOPS, showing
optical system, liquid-He cryostat with a sample and B-rays
counting system, and data processing system.

and the scintillation light was transmitted via a light guide
to a photomultiplier outside the cryostat. After
amplification, the signals were fed to and analyzed with a
pulse height analyzer. The overall experimental pro-
cedure was controlled with a microcomputer.

The sense of circular polarization of the pumping light
was reversed every 45 s and the experimental B-decay
asymmetry Aep in the B-ray distribution defined by

Aexp=IN(c*) =N )V/IN(*)+N(c7)]

was thus measured, where N(c') is the number of B rays
detected in optical pumping with o' polarized light. The
value of Aex, measured as a function of applied magnetic
field with optical pumping is shown in Fig. 2.

The observed A, was found to oscillate periodically
with applied magnetic field. The magnitude of this oscil-
lating variation is shown by the shaded area in Fig. 2.
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FIG. 2. Experimental S-decay asymmetry A, observed as a
function of applied magnetic field H. The value of A, oscil-
lates periodically with applied field. The region of this variation
is shown within the shaded area, and an averaged value over this
oscillation is represented by a solid line. In the inset the decay
scheme of '"*Tm is shown.
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This oscillation is quite reproducible with respect to the
applied magnetic field. Detailed discussion of this in-
teresting phenomenon will be given elsewhere.’ The value
of Aexp averaged over this oscillation is shown with a solid
line in the figure. This mean value of the experimental
asymmetry increases with increasing magnetic field up to
about 500 Oe and then decreases monotonically. It is es-
timated that the maximum value of A, at about 500 Oe
corresponds to a nuclear polarization of about 4%.'® The
suppression of the polarization at low field can be qualita-
tively understood to be due to the effect of cross relaxation
between the stable 'Tm and the unstable '"Tm. The
decrease of the polarization with increasing magnetic field
above 500 Oe, on the other hand, suggests that the
nuclear-spin memory effect in the optical pumping cy-
cle*!" is smaller at higher fields,'?> where the hyperfine
coupling becomes weaker than the electronic Zeeman in-
teraction.

In addition to the optical pumping, a microwave mag-
netic field of 6.891 GHz was applied to the sample via a
five-turn helix coil, and the enhancement of the polariza-
tion due to the saturation of the forbidden transition be-
tween the substates 2 and 6 [| M, =%, M;=0) (in the
main component) to | M, = — 3, M; =1)] [see the energy
levels in Fig. 3(c)] was observed at 1.35 kOe. In Fig. 3(a)
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FIG. 3. The observed B-ray radiation-detected magnetic reso-
nances. (a) A magnetic resonance observed with the transition
a as a function of magnetic field at an applied microwave fre-
quency of 6.891 GHz. (b) Magnetic resonances observed with
the transitions b and ¢ as a function of the applied rf frequency
at 527 Oe. Solid lines in (a) and (b) are the results of a least x-
squares fit to the experimental data with a resonant Gaussian
function plus quadratic background, where the position, height,
and width of the peak and quadratic background were free vari-
ables to be determined. The error bars shown in (a) and (b) are
statistical only. (c) The relevant transitions in the energy levels
of divalent '°Tm in SrF>.
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the result of the observed resonance with varying magnet-
ic field H is shown. The observed resonance indicates that
the microwave transition enhances the polarization by
about a factor of 6 compared to that from the optical
pumping alone.

Magnetic resonances corresponding to the transitions
between the sublevels 2 and 3 [transition b in Fig. 3(c)]
and also 5 and 6 (transition ¢) were also measured by
fixing the magnetic field at 527 Oe and by varying the rf
frequency, in which a frequency modulation of 160 kHz
was applied at 400 Hz.'* The results are shown in Fig.
3(b).'"* From the values of the resonant rf frequency and
the applied magnetic field, the hyperfine coupling constant
Ao of divalent 'Tm in SrF, was thus for the first time
determined to be 589.38(30) MHz. The accuracy of this
value is almost 1 order of magnitude better than those in
free atoms obtained by other methods.'*™'7 The error of
the determined value A 79 is mainly due to the uncertainty
of the applied magnetic field strength (£2 Oe at 527
Oe); this error can be reduced to less than 0.01% with a
more stabilized and uniform magnetic field. Neglecting a
possible hyperfine anomaly, the magnetic moment p ;7o of
'"Tm was thus obtained to be 0.2476(16)uy from the
newly determined hfs constant A7 of '"®Tm [589.38(30)
MHz] with the known value'® of A4, I, and p of the stable
'$9Tm by the following relation:

E170 =p169(A1700170)/ (A 1691 169) .

The present results for the hfs constant and the magnetic
moment are given in Table I together with previous
data.'*~'7 It should be emphasized that the error of the
deduced magnetic moment of '"®Tm mainly comes from
the error of the previous data of the magnetic moment for
stable '®Tm, not due to our present data of 4,70. The ob-
tained value of the magnetic moment of '’°Tm is in agree-
ment with previous results within errors.

In conclusion, we have shown that significant nuclear
polarization of unstable '"Tm can be achieved and
efficiently detected by S-ray radiation-detected optical
pumping in solids; this experiment is the first to directly
observe the nuclear polarization of paramagnetic ions due
to optical pumping in solids, thus giving for the first time
the hyperfine coupling constant of unstable '"“Tm in SrF,
and also giving an accurate magnetic moment. The
method demonstrated here for the achievement of
significant nuclear polarization will be applicable to nuclei
with a half-life longer than about 100 msec, which is a
strong advantage over other methods such as adiabatic
demagnetization and nuclear orientation at low tempera-
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TABLE 1. Hyperfine coupling constant A of divalent '"*Tm
in SrF2 and magnetic moment of '"°Tm obtained in the present
experiment together with previous data.

A(MHz) ulun)
Present 589.38(30)* 0.2476(16)

589(20)° 0.247(8)
Ref. 15 200(3)¢ 0.2476(36)
Ref. 16 195(13)¢ 0.247(4)
Ref. 17 199.0(6)°¢ 0.2464(17)

For divalent '"°Tm in SrF», transitions b and c.
For divalent '""Tm in SrF»; transition c.
‘For free atoms.

ture. This observation together with the rather simple ex-
perimental arrangement for this method thus suggest pro-
found potentiality of the method for the study of unstable
nuclei far from the stability line. Also it is to be noted
that the degree of nuclear polarization (about 4% in the
present case) can be expected to increase appreciably in
the case of atom implantation because in that case we can
use pure crystals as implantation media. Such crystals
have only a small number of paramagnetic impurity
centers, so that no significant deterioration of nuclear po-
larization due to cross relaxations will occur even in mag-
netic fields less than 1 kOe. Since the optical as well as
magnetic properties of rare-earth and transition-metal
atoms have been well investigated,'® this method of opti-
cal pumping in solids is expected to be applicable to many
elements. Radiation detected magnetic resonance with
optical pumping in solids thus provides a new powerful
method to measure the magnetic moment of unstable nu-
clei in the rare-earth and transition-metal regions.
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FIG. 2. Experimental p-decay asymmetry A, observed as a
function of applied magnetic field H. The value of A, oscil-
lates periodically with applied field. The region of this variation
is shown within the shaded area, and an averaged value over this
oscillation is represented by a solid line. In the inset the decay
scheme of '"®Tm is shown.



